The expression of DCC (deleted in colorectal cancer) is often markedly reduced in colorectal and other cancers. However, the rarity of point mutations identified in DCC coding sequences and the lack of a tumor predisposition phenotype in DCC hemizygous mice have raised questions about its role as a tumor suppressor. DCC also mediates axon guidance and functions as a dependence receptor; such receptors create cellular states of dependence on their respective ligands by inducing apoptosis when unoccupied by ligand. We now show that DCC drives cell death independently of both the mitochondria-dependent pathway and the death receptor͞caspase-8 pathway. Moreover, we demonstrate that DCC interacts with both caspase-3 and caspase-9 and drives the activation of caspase-3 through caspase-9 without a requirement for cytochrome c or Apaf-1. Hence, DCC defines an additional pathway for the apoptosome-independent caspase activation. V ogelstein and his colleagues (1) have shown that the development of colonic carcinoma from normal colonic epithelium is associated with the mutation of a specific set of genes. Allelic deletions (loss of heterozygosity) on chromosome 18q in more than 70% of primary colorectal tumors prompted the search for a tumor suppressor gene at that locus. This search led to the cloning of a putative cell-surface receptor, DCC (deleted in colorectal cancer) (1). DCC expression was then shown to be markedly reduced in more than 50% of colorectal tumors. Moreover, the loss of DCC expression is not restricted to colon carcinoma but has been observed in other tumor types, including carcinoma of the stomach, pancreas, esophagus, prostate, bladder, breast, male germ cell tumors, neuroblastomas, gliomas, and some leukemias (2, 3). However, proof that DCC is a tumor suppressor gene remains inconclusive (4, 5).
V
ogelstein and his colleagues (1) have shown that the development of colonic carcinoma from normal colonic epithelium is associated with the mutation of a specific set of genes. Allelic deletions (loss of heterozygosity) on chromosome 18q in more than 70% of primary colorectal tumors prompted the search for a tumor suppressor gene at that locus. This search led to the cloning of a putative cell-surface receptor, DCC (deleted in colorectal cancer) (1) . DCC expression was then shown to be markedly reduced in more than 50% of colorectal tumors. Moreover, the loss of DCC expression is not restricted to colon carcinoma but has been observed in other tumor types, including carcinoma of the stomach, pancreas, esophagus, prostate, bladder, breast, male germ cell tumors, neuroblastomas, gliomas, and some leukemias (2, 3) . However, proof that DCC is a tumor suppressor gene remains inconclusive (4, 5) .
DCC encodes an approximately 200-kDa type I membrane protein of 1,447 amino acids, which displays homology in its extracellular domain with cell adhesion molecules (2) , suggesting that DCC may play a role in cell-cell or cell-matrix interactions (6) . However, DCC-mediated cell aggregation has not been firmly established (7) . Recently, Tessier-Lavigne and collaborators (8, 9) have suggested that DCC may function as a component of a receptor complex that mediates the effects of the axonal chemoattractant netrin-1. The role of DCC in mediating growth cone extension has been supported by the analysis of the DCC knockout mice, which display abnormal brain development (4) . However, the signaling transduction of netrin-1 through DCC that results in axon outgrowth is mainly unknown. In response to netrin-1 binding, DCC has been shown to interact with other netrin-1 receptors like UNC5H (i.e., three members UNC5H1, -2, and -3) (10) or the adenosine A2b receptor shown to transduce cAMP production upon netrin-1 binding (11) . Recently, it also has been proposed that Frazzled, the Drosophila ortholog of DCC, is not, in certain circumstances, a transducing receptor but rather a carrier for the cue netrin-1 that allows netrin-1 distribution in specific regions of the nervous system (12) .
The link between the putative role of DCC as a tumor suppressor and the ability of DCC to bind netrin-1 and to mediate axon guidance was, however, not at all clear. Recently, we have shown that DCC is a dependence receptor (13) and therefore functionally related to other dependence receptors such as p75 NTR , the common neurotrophin receptor, the androgen receptor, and RET (14) (15) (16) (17) . Such receptors create cellular states of dependence on their respective ligands by inducing apoptosis when unoccupied by ligand but inhibiting apoptosis in the presence of ligand (13) (14) (15) (16) . Hence, we have shown that the expression of DCC induces apoptosis in the absence of netrin-1, but in the presence of netrin-1, DCC is antiapoptotic. Furthermore, DCC was demonstrated to be a caspase substrate, with the major site of cleavage at Asp-1290. The caspase cleavage of DCC was shown to be required for DCC to exert its proapoptotic effect, just as it has been shown for the androgen receptor and RET (13, 16, 17) . Functionally, therefore, DCC serves as a caspase amplifier in the absence of ligand via exposure of a proapoptotic domain lying in the amino-terminal region of the intracellular domain, proximal to the cleavage site.
We investigated the mechanism by which DCC induces cell death when cleaved by caspases. We demonstrate that DCC induces apoptosis in a caspase-9-dependent pathway, yet by a mechanism that is independent of the intrinsic (mitochondriadependent) apoptotic pathway. We also show that DCC recruits caspase-3 and caspase-9, resulting in the activation of caspase-3 via caspase-9. Hence, DCC defines an additional pathway for the apoptosome-independent caspase activation.
CMV-S, pDCC-CMV.D1290N, and pGNET1myc have been described (13) . pBabe-p35 was a gift of P. Friesen, Univ. of Wisconsin, Madison. pcDNA-Crma was a gift of David Pickup, Duke Univ. Medical Center, Durham, NC. pcDNA-Bcl2 was obtained by cloning the 1,855-bp cDNA fragment of Bcl-2 (18) into pcDNA-3.1. pcDNA-casp3, pcDNA-casp6, pcDNA-casp7, pcDNA-casp8, and pcDNA-casp9 were gifts of G. S. Salvesen, Burnham Institute, La Jolla, CA. Dominant negative caspase-encoding plasmids were obtained by mutating the active site cysteines to alanine via a Quikchange strategy (Stratagene). pcDNA-DNcasp3, pcDNADNcasp6, pcDNA-DNcasp7, pcDNA-DNcasp8, and pcDNADNcasp9 encode, respectively, the dominant negative mutants for caspase-3, -6, -7, -8, and -9.
Immunoblotting and Immunoprecipitation. One-dimensional immunoblots by using antibodies raised against DCC (Oncogene Research Products, Cambridge, MA), Flag M2 epitope (Sigma), and caspase-3 and caspase-9 (PharMingen) were performed as described (19) . Coimmunoprecipitations were performed on cotransfected 293T or IMR32 lysed in 50 mM Hepes, pH 7.6͞125 mM NaCl͞5 mM EDTA͞0.1% Nonidet P-40, by using a caspase-3, caspase-9, or Flag M2 antibody and protein-A Sepharose (Sigma). DCC interaction with caspases was monitored by immunoblot by using anti-DCC antibody.
Cell Death Analysis and Caspase Activity Measurement. Cell death was analyzed by using trypan blue as described in Rabizadeh et al. (20) . Briefly, 48 h after transfection, all of the cells contained in a 35-mm dish were washed and resuspended in DMEM. The percentage of cell death was then obtained by enumerating the trypan blue positive cells versus the total number of cells. Caspase-8 and caspase-3 activity were measured by using the ApoAlert caspase-8, ApoAlert caspase-3 assays from CLONTECH and the caspase-3 activity assay from Boehringer Mannheim. These assays use the Ac-IETD-AFC and Ac-DEVD-AFC substrates, respectively. These activities were determined according to the manufacturer's instructions, and caspase activation is presented as the ratio between the caspase activity of the sample and that measured in 293T cells transfected with pCMV. Terminal deoxynucleotidyltransferasemediated UTP end-labeling (TUNEL) assays also were performed by using the ApoAlert DNA fragmentation assay (CLONTECH) according to manufacturer's instructions on either adherent SAK-2 or cytospun 293T and IMR32 cells. TUNEL reactivity was examined and photographed with a Zeiss Axioscope photomicroscope. The number of TUNEL-positive cells was estimated by counting at least 100 TUNEL-positive cells from six separate fields.
Two-Hybrid Analysis. The two-hybrid system Matchmaker II, developed by CLONTECH, was used according to the manufacturer's instructions. As bait, the coding sequence of DCC-IC (1121-1447) from pSVK3-HA-DCC-IC (13) was inserted in pAS21 through NdeI-SalI insertion. The human brain library was also from CLONTECH. Y190 yeast strain was cotransformed with the DCC-IC fused to the DNA binding domain of GAL4 and the brain library fused to the activating domain of GAL4. Cells were then allowed to grow in the absence of leucine, tryptophan, and histidine and in the presence of 55 mM 3-amino-1,2,4-triazole. Forty-five positive clones representing nine unique cDNAs were isolated from 10 7 screened.
In Vitro Translation, S100 293T Lysate, and Caspase Cleavage Reactions. Plasmids pCR-DCC-IC, pCR-DCC-IC.D1290N, pCR-DCC-IC͞1121-1290, or pCR-DCC-IC͞1290-1447 described in ref. 13 were transcribed by using T7 polymerase, then translated by using the TNT system (Promega) for 2 h at 30°C. The S100 lysate was prepared as described by Li et al. (21) from 10 8 293T, L929, or SAK-2 cells. To immunodeplete S100 lysate of cytochrome c, 1 g of anti-cytochrome c (PharMingen) was added to 100 l of lysate, and protein-A Sepharose was used to pull them out. A similar immunodepletion of caspase-9 was performed by using caspase-9 antibody (PharMingen).
Results

DCC-Induced
Apoptosis via Caspase-9. As DCC cleavage by caspases has been shown to be required for DCC proapoptotic activity (13), we first assessed whether caspase inhibition is sufficient to block DCC-induced cell death. Baculovirus protein p35, a potent and general caspase inhibitor (22) , was expressed in the presence of DCC in human embryonic kidney 293T cells, and cell death was measured by trypan blue staining. Fig. 1A shows the complete suppression of DCC-induced cell death in the presence of p35, confirming the role of caspases in DCC-induced apoptosis. A similar block of cell death was observed when the caspase inhibitor zVAD-fmk was used (Fig. 1C) . Hence, caspase activation is required for DCC-induced cell death.
To specify what caspase was involved, we either coexpressed DCC with dominant negative (catalytic) mutants of caspases or expressed DCC in the presence of caspase inhibitors. Coexpression of the dominant negative mutant of caspase-8 failed to block DCC-induced apoptosis (Fig. 1B) . Similarly, the addition of the caspase-8 inhibitor IETD-fmk showed no effect on cell death induction by DCC (Fig. 1C) . The caspase-8 inhibitor CrmA was also unable to block DCC-induced cell death (not shown). Hence, caspase-8 is not required for DCC-induced cell death. The coexpression of the dominant negative mutants of caspase-6 and -7 also failed to block DCC-induced cell death (not shown), suggesting that caspase-6 and -7 are not required either. The expression of the dominant negative mutant of caspase-3 also had no influence on cell death induction by DCC (Fig. 1B) , but the treatment with the caspase-3 inhibitor DEVD-fmk blocked DCC-induced cell death (Fig. 1C ). This observation suggested that either caspase-3 is required but can be replaced in certain circumstances by another caspase-3-like caspase or that the proapoptotic activity of DCC required a caspase-3-like caspase displaying an affinity for the DEVD motif.
Of interest, coexpression of the dominant negative mutant of caspase-9 completely blocked cell death induced by DCC (Fig.  1B ). An inhibition of DCC-induced cell death by the dominant negative mutant of caspase-9 also was observed in the colorectal REGb cell line (not shown). Similarly, the addition of the caspase-9 inhibitor LEHD-fmk suppressed the cell death induction by DCC (Fig. 1C) . To determine whether DCC-induced cell death requires caspase-9 per se or another caspase that could be inhibited by the dominant negative mutant caspase-9 and by the LEHD-fmk inhibitor, we analyzed the DCC effect in caspase-9 knockout cells. Remarkably, whereas, as a positive control, a caspase-8 transfection induced cell death, DCC transfection was unable to drive caspase-9 knockout cell death (Fig. 1D) .
Finally, to investigate whether in cells endogenously expressing DCC, netrin-1 withdrawal led to a caspase-9-dependent cell death, we first ''conditioned'' the neuroblastoma cell line IMR-32 endogenously expressing DCC by allowing their growth in the presence of netrin-1. After such ''conditioning'', netrin-1 withdrawal led to an increased number of apoptotic cells measured either by trypan blue staining (Fig. 1E ) or TUNEL reactivity (Fig. 1F) . Of interest, inhibition of caspase-9 with the LEHD-fmk inhibitor blocked cell death induced by netrin-1 withdrawal. Hence, apoptosis induced by DCC required caspase-9, and because the only known apoptotic pathway by using caspase-9 involves apoptosome formation with caspase-9͞Apaf-1͞cytochrome c͞(d)ATP, these data suggested the involvement of this mitochondria-dependent apoptotic pathway in DCC-induced cell death (23) . mitochondria-dependent apoptotic pathway. 293T cells were transfected with DCC in the presence or absence of Bcl-2 (18) . Fig. 2A shows that although Bcl-2 expression was sufficient to block staurosporine-induced cell death, Bcl-2 had no effect on the proapoptotic activity of DCC. A similar effect was observed in colorectal REGb (not shown) and DLD cells (24) . Bcl-2 has been shown to block the cell-death pathway involving cytochrome c release and cytochrome c-dependent activation of caspase-9 (23, 25) . Hence, we analyzed the ability of an inhibitor of cytochrome c release to modulate DCC proapoptotic activity. DCC-transfected cells then were incubated in the presence of cyclosporin A, an inhibitor of the mitochondrial membrane permeability transition (26) . As shown in Fig. 2B , although cyclosporin A blocked staurosporine-induced cell death, it had no effect on DCC-induced apoptosis. Moreover, comparing control and DCC-transfected cells, no DCC-induced specific release of cytochrome c was observed, at least during the 36 h following transfection (not shown). To further analyze whether the apoptosome was actually required for cell death induction by DCC, we studied the effect of DCC expression in Apaf1 Ϫ͞Ϫ knockout cells. As shown in Fig. 2C , in Apaf1 Ϫ͞Ϫ cells, although a staurosporine treatment had no effect on cell death, DCC expression induced an increased trypan blue staining ( Fig.  2C ) and TUNEL reactivity (not shown). Hence, these data strongly suggest that, although DCC required caspase-9, it did . 48 h after transfection, the mock-transfected cells were then treated (Stauro.) or not for 4 h with 2 M staurosporine. Cell death was then monitored at 48 h as described in Fig. 1 .
not require the mitochondria-dependent apoptotic pathway that involves cytochrome c release and apoptosome formation, which is the only known pathway for caspase-9 activation.
DCC Interacts with Caspase-3 and Caspase-9.
A search for DCCinteracting proteins that may explain this apparent paradox, by using two-hybrid screening of a human brain library with the DCC intracellular domain (DCC-IC) as bait, revealed the interaction of DCC-IC with a polypeptide whose sequence corresponds to that of caspase-3 (Fig. 3A) . A coimmunoprecipitation study confirmed the interaction of caspase-3 with DCC (Fig. 3B) . However, the caspase-3-DCC interaction was detected only when DCC was expressed in the presence of a ligand or when the caspase cleavage site of DCC (Asp-1290) was mutated, both of which are conditions in which DCC does not induce cell death (13) . As a control experiment, when a similar coimmunoprecipitation was performed with caspase-6, no interaction was detected (Fig. 3C) . In a search of other caspases interacting with DCC, we observed an interaction of DCC with caspase-9 ( Fig. 3C and ref. 13) . However, the interaction was visualized predominantly when DCC was in its proapoptotic state; only weak binding was detected when DCC was expressed with netrin-1 or when DCC D1290N was used. Caspase-9-DCC interaction was monitored either from a pull-down with caspase-9 ( Fig.  3C) or from a pull-down with DCC (not shown). Moreover, interaction of DCC with caspase-9 was visualized in the neuroblastoma cell line IMR-32 endogenously expressing DCC and caspase-9 ( Fig. 3D) . In a search of the interacting domain of DCC, the proapoptotic region of DCC (amino acids 1121-1290, ref. 13) lying upstream of its main caspase cleavage site was found to be crucial for caspase-9 interaction, whereas the region distal to the caspase site was required for caspase-3 interaction (Fig. 3E) . Such an interaction of DCC with caspase-3 and -9 is reminiscent of the apoptosome complex Apaf-1, caspase-9, caspase-3, cytochrome c, and (d)ATP (21) .
In Vitro Activation of Caspase-3 by DCC. Because the caspase-9 apoptosome requires cytochrome c to activate caspase-9, which then activates caspase-3 (21), whereas DCC induced apoptosis independently of cytochrome c release, we established an in vitro assay to determine whether the DCC complex could form a direct activator of caspase-3 in the absence of cytochrome c. The combination of in vitro-translated DCC-IC, caspase-9, and caspase-3 was not sufficient to induce caspase-3 activation (not shown). However, the addition of an S100 cell lysate depleted of cytochrome c showed a significant activation of caspase-3 by DCC-IC monitored either by the cleavage of purified pro-caspase-3 (Fig. 4A) or of Ac-DEVD-AFC (Fig. 4B) . Dose-dependence analysis revealed that DCC-IC and cytochrome c display different kinetics for caspase-3 activation (Fig. 5) . Indeed, the minimum required concentration of cytochrome c for pro-caspase-3 activation was found to be 3.5 times less than the one for DCC-IC. Moreover, the addition of exogenous dATP further increased cytochrome c-induced caspase-3 activation at a low concentration of cytochrome c, hence suggesting that, at low concentration, cytochrome c is a better activator than DCC-IC (Fig. 5) . However, the limiting factors present in the cell lysate were reached more rapidly with cytochrome c, as the maximal caspase-3 activation was observed with DCC-IC. Hence, in a physiological cellular context, DCC might conceivably be a good activator of caspase activation. DCC was able to mediate caspase-3 activation in the absence of cytochrome c and in an S100 lysate of Apaf-1 Ϫ͞Ϫ cells (Fig. 6A) , strongly suggesting that DCC-induced caspase-3 activation is apoptosome-independent. Moreover, DCC-induced caspase-3 activation was not accompanied with caspase-9 cleavage that is very often associated with caspase-9 activation (not shown). However, caspase-9 was required, as immunodepletion of caspase-9 in the S100 cell lysate led to an inhibition of the DCC-induced caspase-3 activation (Fig. 6B) . ) and pDCC-CMV-S, pDCC-CMV.D1290N, or pDCC-CMV-S ϩ pGNET1myc, the netrin-1-encoding plasmid. To obtain a similar expression of the protein DCC in the different sample, half of the plasmid pDCC-CMV-S was used when cotransfected with the netrin-1-expressing vector because the presence of DCC ligand leads to increased stability of DCC (13) . Anti-caspase-3 antibody was used to immunoprecipitate caspase-3, and binding was revealed by Western blot by using anti-DCC antibody. (C) Same as in B except that pcDNA-DNcasp9 and pcDNA-DNcasp6 were used. In this case, anti-Flag antibody was used to immunoprecipitate DNcaspase-9 and DNcaspase-6. (D) Immunoprecipitation of DCC by caspase-9 was performed by using IMR-32 cells. The pull-down was performed with or without anti-caspase-9 antibody. (E) Coimmunoprecipitations were performed, respectively, as in B and C on 293T cotransfected with pcDNA-DNcasp3 or pcDNA-DNcasp9 in the presence of either pDCC-CMV-⌬1121-1290 or pDCC-CMV-⌬1290 -1447. tot., immunoblots performed on the lysate before addition of the antibodies allowing the pull out; IP, immunoblots by using an anti-DCC antibody on samples derived from the pulldowns. In B-E, dominant negative mutants of caspases were chosen instead of tagged wild-type because overexpression of wild-type caspase drove massive 293T cell death. Thus, DCC interacts with caspases-3 and -9 and mediates the caspase-9-dependent activation of caspase-3 in a cytochrome cindependent manner. Therefore, DCC participates in an alternative pathway of caspase activation in which cytochrome c is not required but DCC cleavage is. Indeed, when a similar in vitro assay was performed by using DCC-IC D1290N, the intracellular domain of DCC mutated in its main caspase site, no activation of caspase-3 was observed (Fig. 6C) . Hence, cleavage of DCC by caspases is a necessary step for further caspase-3 activation. Furthermore, the proapoptotic region of DCC that binds to caspase-9 (1121-1290) was sufficient to activate pro-caspase-3, whereas the C-terminal IC region (1290-1447) had no comparable activity. Taken together, these results suggest that the caspase-activating complex lies in the proapoptotic region of DCC, a region released or exposed via the caspase cleavage in D1290.
Discussion
Here, we present evidence that DCC-induced cell death requires caspase-9 but does not involve cytochrome c release and subsequent apoptosome-associated caspase-9 activation. DCC-induced cell death may thus be related to the ability of the intracellular domain of DCC to (i) recruit pro-caspase-9 and pro-caspase-3 and (ii) mediate caspase-9-dependent caspase-3 activation in a cell-free extract. Moreover, this mechanism of activation of caspase-3, which is not only independent of mitochondria, cytochrome c release, and apoptosome formation but also independent of caspase-8 activation, represents a novel mechanism for the induction of apoptosis. As with the Fas-FADD(Mort-1)͞pro-caspase-8͞FLASH (27) and cytochrome c͞Apaf-1͞pro-caspase-9 pathways (21), DCC induces caspase activation and apoptosis through the recruitment of caspases into an activating complex. Of interest, DCC sequence does not show any death domain, CARD motif, or death effector domain, suggesting either an indirect interaction (i.e., DCC with caspase-9) via an adaptor molecule or a direct interaction (i.e., DCC with caspase-3) via an unknown motif of interaction. The observation that the DCC, caspase-9, and caspase-3 combination is not sufficient to activate in vitro caspase-3 but required the addition of a S100 lysate strongly suggests that other proteins present in the lysate are required to allow a functional DCC-associated caspaseactivating complex. The nature of this complex, and whether it includes additional proteins similar to FADD or Apaf-1, remains to be determined.
There exists an interesting difference between the DCCassociated caspase-activating complex and the apoptosome complex. Indeed, within the apoptosome complex, caspase-9 once recruited is cleaved and displays an increased activity (21) , whereas caspase-9 recruitment into the DCC complex is appar- . 6 . DCC-IC activation of caspase-3 required caspase-9 and DCC cleavage. The same in vitro assay described in Fig. 4A was performed, but in this case, the S100 lysate was generated from Apaf-1 Ϫ͞Ϫ SAK-2 cells (A), the 293T S100 lysate was immunodepleted in caspase-9 (B), or in vitro-translated DCC-IC D1290N, DCC-IC͞ 1121-1290, DCC-IC͞1291-1447 were used instead of DCC-IC (C).
ently not accompanied by caspase-9 processing. However, caspase-9 zymogen has been described to have proteolytic activity similar to its cleaved form because the zymogenicity (i.e., ratio of the processed protease activity to the nonprocessed protease activity) of caspase-9 is approximately 10, whereas the zymogenicity of caspase-3 is greater than 10,000 (28). Moreover, as described recently (29) , the proteolytic processing of procaspase-9 has only a minor effect on the enzyme's catalytic activity, whereas the key requirement for caspase-9 activation is its association with a dedicated protein cofactor Apaf-1. Because DCC still allowed caspase-3 activation in Apaf1 Ϫ͞Ϫ knockout cell lysate, another caspase-9 cofactor may be present in the DCC-associated caspase-activating complex. An alternative explanation may be that caspase-9 is required for DCC-induced cell death and caspase activation not because it functions as a protease but rather because it displays another unknown function (e.g., adaptor). Along this line, it has been recently shown that in certain circumstances, caspase-9 zymogen but not its LEHD-cleaving activity is needed for cell death induction (30) .
It is tempting to speculate that the ligand withdrawal leads to the formation of the DCC-associated caspase-activating complex, as ligand withdrawal leads to DCC pro-apoptotic activity. The nature of the DCC change allowing caspase-3 activation is probably related to a change of conformation of the receptor similar to the one described in the case of p75 ntr (15) . This change could then affect DCC proapoptotic activity at two levels: (i) the caspase cleavage of DCC and (ii) the recruitment of caspase-9. Both of these events are necessary to allow further caspase-3 activation. In favor of the second effect, we indeed showed that caspase-9 binds DCC predominantly when expressed in the absence of netrin-1, although we cannot exclude the possibility that this preferential recruitment is a subsequent effect of the DCC caspase cleavage. The fact that DCC cleavage is blocked by ligand presence is, however, mostly speculative, as we have been unable to detect the caspase cleavage of full-length DCC (ref. 13 , C.F. and P.M., unpublished results). Two models could thus be proposed. A first model would be that the presence of netrin-1 blocks DCC caspase cleavage (e.g., via a closed conformation), which allows the recruitment of pro-caspase-3. Ligand withdrawal would then lead to the caspase cleavage of DCC and the subsequent exposure and͞or release of the pro-apoptotic region of DCC. This would then lead to the recruitment of a caspase-activating complex. The second model would then postulate that DCC is, whether the netrin-1 is present or not, cleaved by active caspase, a preliminary but not sufficient event for further pro-apoptotic activity. Along this line, RET, another dependence receptor, was shown to be cleaved both in the absence and in the presence of its ligand (17) . The presence of the ligand would then inhibit caspase-9 recruitment and the further formation of a caspase-activating complex. In both models, an apparent paradox would emerge because caspase cleavage releases the C-terminal domain of DCC shown here to bind pro-caspase-3. The caspaseactivating complex would then appear in the N-terminal region IC of DCC when the pro-caspase-3 is no longer present to be activated. To reconcile this apparent paradox, two possible scenarios can be proposed: (i) the cleavage of DCC brings together the procaspase-3 interacting with the C-terminal IC domain and the caspase-activating complex interacting with the N-terminal IC domain of DCC and allows further caspase-3 activation, or (ii) the DCC-associated caspase-activating complex based on the presence of caspase-9 activates other effector caspases (e.g., caspase-7 or caspase-3 not associated with DCC) and pro-caspase-3 interaction with DCC is independent of the caspase-activating complex. Thus, the pro-caspase-3 interaction with DCC observed in the presence of netrin-1 then could represent a reservoir of unavailable caspase-3, contributing to the antiapoptotic activity of DCC bound to its ligand (13) .
DCC and its associated caspase-activating complex may thus play a critical role in the regulation of axon guidance during development of the nervous system (4, 8, 9) and in tumor suppression. Recently, Yee et al. (9) demonstrated that netrin-1 knock-out mice show not only a loss in axonal guidance but also in neural pontine cell migration, the latter of which is related to an increased cell death (31) . This result provides strong support for the notion that DCC can function in vivo to induce cell death. We also observed that in rat embryonic dorsal spinal cord explants, the presence of netrin-1 not only allows axonal projections but also blocks a caspase-9-dependent death of the explant known to express DCC (unpublished work), suggesting that axonal guidance and cell death could represent two dependent mechanisms. Whether netrin-1-mediated inhibition of caspase activation has a role in directing axon projections in the nervous system, however, remains to be shown. Finally, with respect to the potential function of DCC as a tumor suppressor, these results have suggested that at least one role of DCC may be to induce apoptosis in expressing cells that grow or metastasize beyond the limitation of ligand availability, by using a mechanism that requires a DCC-associated caspase-activating complex.
